The 3304 s t e e l c o n c r e t e c o r e s of t h e LEP bending magnets have been i n d i v i d u a l l y measured t o determine t h e e x c i t a t i o n c h a r a c t e r i s t i c s ( f i e l d i n t e g r a l on cent r a l o r b i t v e r s u s c u r r e n t ) and one o u t of t e n has been submitted t o a complete measurnment of t h e f i e l d p a tt e r n i n t h e a p e r t u r e . The end and j u n c t i o n e f f e c t s , and t h e f i e l d d i s t o r t i o n due t o t h e vacuum chamber both i n s t a t i c c o n d i t i o n s (due t o r e s i d u a l magnetism of t h e chamber m a t e r i a l s ) and d u r i n g f i e l d ramping ( i n f l u e n c e of eddy c u r r e n t s ) , have been determined on some average c o r e s . The paper b r i e f l y d e s c r i b e s t h e measuring benches and g i v e s t h e average v a l u e s and t h e r . m . s . d i s p e r s i o n s of t h e d i p o l e , quadrupole, s e x t u p o l e , octup o l e and decapole components seen by t h e beam a t d i ff e r e n t f i e l d l e v e l s and d u r i n g ramping. The e f f e c t s on t h e machine parameters a r e analysed f o r each component, and compared w i t h r e s u l t s o b t a i n e d i n t h e f i r s t i n j e ct i o n t e s t s .
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I n t r o d u c t i o n
The LEP magnet system i s a s e p a r a t e -f u n c t i o n s t r u c t u r e 1 .
of t h e a r c s a r e 79 m long and c o n t a i n two quadrupoles and two bending magnet u n i t s , each made of s i x equal c o r e s of 5 . 7 5 m l e n g t h ( F i g . 1 ) . A t each end of an a r c , t h e r e a r e s h o r t e r c e l l s w i t h f o u r o r two c o r e s onl y and a l a s t one which c o n t a i n s a s p e c i a l weak-field d i p o l e . I n t h e i n j e c t i o n r e g i o n , t h e r e a r e a l s o a few d o u b l e -f i e l d d i p o l e s , s e p a r a t e l y powered.
The r e g u l a r l a t t i c e p e r i o d s i n t h e middle
The 3304 d i p o l e c o r e s which produce a main bending f i e l d of 0.11 T a t t h e u l t i m a t e energy of 100 GeV a r e made of s t a c k s of low-carbon s t e e l l a m i n a t i o n s , 1 . 5 mm t h i c k , spaced by 4 mm and embedded i n a cement m o r t a r .
They a r e e x c i t e d by means of f o u r water-cooled aluminium b a r s , a l l connected i n series i n s i t u t o form a s i n g l e powering c i r c u i t . The i m p l i c a t i o n s of t h e lowf i e l d l e v e l s and t h e novel c o r e technology have been d e s c r i b e d i n o t h e r papersZj3 and o n l y some r e l e v a n t f e a t u r e s a r e e l a b o r a t e d below. The s h r i n k a g e of t h e mortar when d r y i n g out g i v e s r i s e t o compression s t r e s s e s i n t h e l a m i n a t i o n s which d e c r e a s e t h e i r magn e t i c p e r m e a b i l i t y and t h u s t h e f i e l d i n t h e gap. T o reduce t h i s e f f e c t , t h e c o r e s have been submitted t o a s t r e s s -r e l i e v i n g t r e a t m e n t one y e a r a f t e r manufacture. Furthermore, each c o r e i s equipped w i t h a f l u x loop embedded i n t h e lower p o l e . These loops, which a r e connected i n s e r i e s i n t h e r i n g , permit a measurement of t h e f i e l d i n s i t u and t h u s t h e e l i m i n a t i o n of t h e i nf l u e n c e of temperature v a r i a t i o n s and f u r t h e r ageing of mortar i n t h e d e t e r m i n a t i o n of beam energy.
The t o l e r a n c e s s p e c i f i e d f o r t h e magnets4 w i l l be compared below w i t h t h e measured v a l u e s keeping i n mind t h a t they r e f e r t o t h e most demanding machine condit i o n s and a r e not i n t a n g i b l e . To l i m i t t h e amount of work, t h e measurements performed on each i n d i v i d u a l c o r e have been r e s t r i c t e d only t o t h o s e parameters s t r i c t l y needed: t h e gap geometry ( f o r acceptance of t h e c o r e s and d e t e r m i n a t i o n of t h e median p l a n e ) , t h e e x c i t a t i o n c h a r a c t e r i s t i c s ( f o r c o r e mixing) and t h e f l u x loop s u r f a c e ( f o r c a l i b r a t i o n of beam e n e r g y ) .
Measurement of Gap Geometry and Median Plane
Four months a f t e r manufacture, each c o r e h a s undergone s y s t e m a t i c r e c e p t i o n t e s t s 5 . have been made by means of a computer-controlled c a r r iage equipped w i t h f i v e proximity d e t e c t o r s measuring t h e d i s t a n c e t o t h e magnetic p o l e s u r f a c e t o w i t h i n * 0.003 mm, a l e v e l m e t e r measuring t h e t i l t of t h e med i a n p l a n e w i t h an accuracy of * 0.02 mrad and a fourquadrant p h o t o c e l l which, a s s o c i a t e d w i t h a l a s e r beam, measures t h e s t r a i g h t n e s s of t h e c o r e s t o w i t h i n * 0.05 mm. No bench was used and t h e only r e f e r e n c e s were t h e c a r r i a g e i t s e l f , t h e l a s e r beam and a second l e v e l m e t e r f i x e d on t h e alignment j i g t o which t h e t i l t o f t h e median plane i s a c t u a l l y r e f e r r e d . Out of t h e 3360 c o r e s o r d e r e d , only t h r e e had t o be r e j e c t e d due C O an e x c e s s i v e h o r i z o n t a l bending ( > 2 mm over t h e l e n g t h ) .
The measurements
From t h e s e measurements, t h e s t a n d a r d d e v i a t i o n of t h e 100 mm gap h e i g h t was 0.016 mm, corresponding t o an r . m . s . d i s p e r s i o n of t h e bending f i e l d of 1.6 x from c o r e t o c o r e ; t h e d e f e c t of p o l e p a r a l l e l i s m , def i n e d a s t h e r e l a t i v e d i f f e r e n c e i n gap h e i g h t from t h e c e n t r e t o t h e a p e r t u r e l i m i t of 59 mm, shows an average v a l u e of -1.8 x and a s t a n d a r d d e v i a t i o n of 0 . 5 x A s shown below, t h e s e v a l u e s a r e much s m a l l e r t h a n t h e a c t u a l f i e l d e r r o r s deduced from magn e t i c measurements.
On t h e o t h e r hand, w h i l e t h e mean v a l u e of t h e t i l t of t h e median p l a n e i s a c c e p t a b l e (0.04 mrad), t h e r . m . s . d i s p e r s i o n of 0.26 mrad i s l a rg e r t h a n t h e 0 . 2 mrad t o l e r a n c e which corresponds t o an r . m . s . v e r t i c a l o r b i t d i s t o r t i o n of 0 . 5 mm. A s a consequence, t h e t i l t of each c o r e has been t a k e n i n t o account f o r t h e l e v e l l i n g i n t h e LEP t u n n e l .
Measurement of F i e l d S t r e n g t h
The e x c i t a t i o n curve was measured at d i f f e r e n t f i e l d l e v e l s u s i n g a s t r i n g of r e c t a n g u l a r f l i p c o i l s c o v e r i n g t h e l e n g t h of t h e d i p o l e c o r e . The measurement was c a r r i e d out f o r two d i f f e r e n t e x c i t a t i o n c y c l e s corresponding t o maximum beam e n e r g i e s of 66 GeV and 100 GeV. The accuracy of t h i s measurement was b e tt e r t h a n and t h e s t a n d a r d d e v i a t i o n of t h e measured f i e l d i n t e g r a l s ranged from 4 x a t t h e 20 G e V l e v e l t o 7 x a t t h e 100 GeV l e v e l . The r e s u l t s of t h e s e measurements were used when combining t h e magnet c o r e s i n t o p a i r s : one c o r e from each of t h e two manuf a c t u r e r s was s e l e c t e d according t o i t s magnetic s t r e n g t h . The d i s p e r s i o n of t h e bending s t r e n g t h of t h e s i x -c o r e u n i t s e s t i m a t e d from t h e measurements and t a k i n g i n t o account t h e f u r t h e r ageing of t h e mortar i s less t h a n t h e t o l e r a n c e of 5 x ( h o r i z o n t a l c l o s e d o r b i t d i s t o r t i o n of 2 . 5 mm r . m . s . ) up t o f i e l d v a l u e s corresponding t o 100 GeV3. confirmed d u r i n g beam i n j e c t i o n t e s t s i n t o t h e f i r s t o c t a n t i n J u l y 1988, where o r b i t d i s t o r t i o n s of l e s s t h a n 3 mm r . m . s . were measured6.
This low d i s p e r s i o n was
The c a l i b r a t i o n of t h e f l u x loops was o b t a i n e d by measuring s i m u l t a n e o u s l y t h e f l u x change i n t h e f l i p c o i l and i n t h e f l u x loop d u r i n g m u l t i p l e c y c l i n g of t h e magnet e x c i t a t i o n c u r r e n t . The magnetic s u r f a c e a r e a of a f l u x loop i s d e f i n e d a s t h e r a t i o of t h e f l u x v a r i a t i o n i n t h e loop t o t h e f i e l d measured by t h e f l i p c o i l . The accuracy of t h i s measurement was about and t h e o v e r a l l r . m . s . d i s p e r s i o n of t h e measured s u rf a c e a r e a s was l e s s t h a n
P e r i o d i c measurements of t h e t o t a l f l u x v a r i a t i o n s i n t h e magnets i n s t a l l e d i n t h e t u n n e l w i l l p r o v i d e a p r e c i s e d e t e r m i n a t i o n of t h e o v e r a l l bending power and t h u s of beam energy. The c a l i b r a t i o n procedure i s shown i n F i g . 2. Measurements of t h e f l u x change from

Br+ t o B(I) w i l l be c o r r e l a t e d w i t h f i e l d measurements i n a r e f e r e n c e magnet which i s connected i n s e r i e s w i t h t h e main d i p o l e s t r i n g . A change of p o l a r i t y i s necess a r y i n o r d e r t o determine t h e remanent f i e l d Br+ i n t h e r i n g magnets. The p o s i t i v e and n e g a t i v e v a l u e s of t h e remanent f i e l d a r e n o t symmetrical, but t h e r a t i o of t h e s e v a l u e s has been measured i n some magnets and w i l l be used t o determine Br+ from t h e measurement of
AB,. D e t a i l e d measurements of end and j u n c t i o n e f f e c t s provide t h e n e c e s s a r y c o r r e c t i o n s t o t h e flux-loop cal i b r a t i o n and permit t h e d s t e r m i n a t i o n of t h e a b s o l u t e v a l u e of beam energy a t c e n t r a l o r b i t t o b e t t e r t h a n * 5 x
A t a l a t e r s t a g e , t h i s v a l u e w i l l permit unambiguous d e t e c t i o n of t h e d e p o l a r i z a t i o n resonances d i s t a n t by 440.65 MeV and t o improve t h e accuracy of t h e beam energy c a l i b r a t i o n t o w i t h i n
( A 1 4
F i g . 2 P r i n c i p l e of beam energy c a l i b r a t i o n Measurement of F i e l d Q u a l i t y Complete magnetic measurements were performed on approximately 10 % of t h e d i p o l e c o r e s . A c a r r i a g e h o l d i n g t h e s e a r c h c o i l s was d i s p l a c e d l o n g i t u d i n a l l y on a measurement bench placed i n f r o n t of t h e magnet. Measurements were performed a t seven l o n g i t u d i n a l posit i o n s i n o r d e r t o o b t a i n t h e f i e l d i n t e g r a l s throughout t h e magnet.
The same f l i p c o i l was used t o d e t e r m i n e b o t h t h e f i e l d along t h e c e n t r a l o r b i t and t h e t r a n sv e r s e f i e l d u n i f o r m i t y o v e r a d i s t a n c e of * 7 2 mm. A s p e c i a l s e a r c h c o i l o r i e n t e d n e a r z e r o -f l u x pos i t i o n and f i t t e d w i t h a l e v e l gauge was used t o d e t e rmine t h e a n g l e of t h e magnetic median p l a n e by measuri n g t h e f l u x v a r i a t i o n when changing t h e f i e l d s t r e n g t h . Angular e r r o r s between t h e c o i l p l a n e and t h e s u p p o r t i n g s t r u c t u r e a r e e l i m i n a t e d by making two measurements where t h e c o i l i s r o t a t e d by 180". The o v e r a l l accuracy i s b e t t e r t h a n 0.05 mrad. The r e s u l t s were compared t o t h o s e o b t a i n e d w i t h t h e gap-geometry measuring system mentioned above; t h e s y s t e m a t i c d i ff e r e n c e between t h e r e s u l t s o b t a i n e d by t h e two methods was of t h e o r d e r of 0.1 mrad.
The r e s u l t s of t h e f i e l d u n i f o r m i t y measurements a r e g i v e n i n F i g . 3 and Table 1 f o r t h e d i p o l e p a i r s which a r e t h e b a s i c u n i t s i n t h e t u n n e l . The f i e l d var i a t i o n a c r o s s t h e a p e r t u r e i s decomposed i n t o i t s main components and f o r each of them, t h e average v a l u e and t h e r . m . s . d i s p e r s i o n a r e g i v e n a s t h e corresponding f i e l d v a r i a t i o n s a t t h e a p e r t u r e l i m i t of x = +59 mm.
Table 1 a l s o g i v e s t h e t o l e r a n c e s . The average quadrup o i e and s e x t u p o l e components can o n l y be c o r r e c t e d t o t h e f i r s t o r d e r by t h e l o c a l i z e d l e n s e s . The t o l e r a n c e on t h e average quadrupole component i s deduced from t h e p e r t u r b a t i o n of t h e damping p a r t i t i o n number which has been l i m i t e d t o AJx = 0.05. For t h e o t h e r t o l e r a n c e s , F i e l d P e r t u r b a t i o n During Ramping During ramping, eddy c u r r e n t s a r e g e n e r a t e d i n t h e aluminium vacuum chamber and i n i t s l e a d s h i e l d i n g . The r e s u l t i n g f i e l d p e r t u r b a t i o n has been c a l c u l a t e d by adding a s u b r o u t i n e t o t h e magnet computing program POISSON; t h i s s u b r o u t i n e c a l c u l a t e s t h e eddy c u r r e n t s from t h e unperturbed v e c t o r p o t e n t i a l and t h e n t h e f i e l d p e r t u r b a t i o n t h a t t h e y c r e a t e . For t h e ramp r a t e of 0 . 5 GeV which i s p r e s e n t l y r e t a i n e d , t h e f i e l d p e r t u r b a t i o n can be developed a s f o l l o w s : AB = -0.286 + 0.527 x + 7.07 x2 -17.6 x 3 + 1710 x4 , w i t h AB i n G and x i n m. A f i e l d measurement performed w i t h a c o i l c e n t r e d i n s i d e a sample of vacuum chamber confirmed q u i t e w e l l t h e v a l i d i t y of t h e c a l c u l a t i o n .
A t t h e i n j e c t i o n energy of 20 GeV, t h e amplitude of t h e v a r i o u s components e x p r e s s e d i n f i e l d v a r ia t i o n s a t x = +59 mm a r e r e s p e c t i v e l y ; -13.3 ( d i p o l e ) , + 1 . 4 ( q u a d r u p o l e ) , +1.1 ( s e x t u p o l e ) , -0.2 ( o c t u p o l e ) and +0.9 ( d e c a p o l e ) ; t h e s e v a l u e s must be added t o t h o s e of Table 1 t o g i v e t h e a c t u a l f i e l d seen by t h e beam when ramping s t a r t s at 20 GeV. The g l o b a l f i e l d components remain w i t h i n t o l e r a n c e s but a r e l a r g e enough t o r e q u i r e a c o r r e c t i o n by t h e l o c a l i z e d quadrup o l e and s e x t u p o l e magnets i n o r d e r t o m a i n t a i n t h e t u n e v a l u e s and t h e c h r o m a t i c i t y ; t h i s i s done by advancing t h e ramp of t h e bending magnets and by i n j e c ti n g c u r r e n t o f f s e t s in' t h e quadrupole and s e x t u p o l e magnets.
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F i g . 3 F i e l d u n i f o r m i t y
For t h e magnets without vacuum chamber, both t h e average and random components a r e w e l l w i t h i n t o l e ra n c e s . The f i r s t i n j e c t i o n t e s t s r e v e a l e d , however, a s m a l l d i f f e r e n c e i n v e r t i c a l and h o r i z o n t a l phase advance which was t r a c e d back as being produced by a 7 pm n i c k e l l a y e r which i s d e p o s i t e d on t h e vacuum chamber t o ease t h e s o I d e r i n g of t h e lead s h i e l d i n g . This laye r , which i s f u l l y s a t u r a t e d , produces a f i e l d p e r t u rb a t i o n which exceeds t h e t o l e r a n c e s a t i n j e c t i o n . To compensate t h i s e f f e c t , simple shims were d e f i n e d and mounted on each end of t h e p a i r s . The t h i c k n e s s of t h e shims has been chosen such t h a t t h e i r s a t u r a t i o n char a c t e r i s t i c s match t h o s e of t h e n i c k e l l a y e r . The r es u l t s shown i n Table 1 i n c l u d e t h e e f f e c t s of vacuum chamber and c o r r e c t i n g shims. A l l components a r e w e l l w i t h i n t h e t o l e r a n c e s w i t h t h e e x c e p t i o n of t h e average quadrupole which i s m a r g i n a l l y o u t a t 20 GeV; a f t e r r et u n i n g w i t h t h e l a t t i c e quadrupole magnets, however, t h e remaining p e r t u r b a t i o n s of Jx ( 0 . 0 5 5 ) , b e t a v a l u e s ( 1 % ) and d i s p e r s i o n ( 3 mm a t t h e c r o s s i n g p o i n t s ) a r e very s m a l l and can be p a r t i a l l y compensated by changing t h e RF frequency and rematching t h e d i s p e r s i o n suppress o r and s t r a i g h t -s e c t i o n c e l l s . 
